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Neural crest (NC) specification comprises an early phase, initiating immature NC progenitors 29 formation at neural plate stage, and a later phase at neural fold stage, resulting into functional 30 premigratory NC, able to delaminate and migrate. We found that the NC-GRN triggers up-regulation 31 of pfkfb4 (6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 4) during this late specification 32 phase. As shown in previous studies, PFKFB4 controls AKT signaling in gastrulas and glycolysis rate 33 in adult cells. Here, we focus on PFKFB4 function in NC during and after neurulation, using time-34 controlled or hypomorph depletions in vivo. We find that PFKFB4 is essential both for specification of 35 functional premigratory NC and for its migration. PFKFB4-depleted embryos fail activating n-cadherin 36 and late NC specifiers, exhibit severe migration defects, resulting in craniofacial defects. AKT 37 signaling mediates PFKFB4 function in NC late specification, while both AKT signaling and glycolysis 38 regulate migration. These findings highlight novel and critical roles of PFKFB4 activity in later stages 39 of NC development, wired into the NC-GRN. 40
INTRODUCTION 41
The neural crest (NC) is a highly migratory and multipotent cell population of vertebrate 42 embryos, forming an array of differentiated cells: peripheral neurons and glia, pigment cells, 43 craniofacial skeleton, cardiac structures, and endocrine cells (Bronner and LeDouarin, 2012) As in all vertebrate embryos, in Xenopus laevis, NB induction starts in early gastrulas (st.10.5 89 Nieuwkoop-Faber, 1994) , as characterized by early expression of pax3, zic1/2, and hes4 lateral to the 90 neural plate (Monsoro-Burq et al., 2005; Nichane et al., 2008) . NC specification is initiated at the end 91 of gastrulation (st.11.5-12), and is marked by early NC specifiers as snail2 and foxd3 at neural plate 92 stage (st.12-14, Fig.1A ). NC specification is further established (maturation phase) during neural fold 93 stage (st.14-18), by activation of a later set of NC specifiers and EMT inducers (sox10, twist), and by 94 increased expression of early NC specifiers (Fig.1B) . Upon neural tube closure (st.17-19), cranial NC 95 cells undergo EMT and initiate migration to populate the branchial arches and craniofacial areas 96 around tailbud st.24 (Fig.1C) . 97
Among novel genes enriched in premigratory NC, we found pfkfb4 clustered with snail2 and 98 sox10 (Plouhinec et al. 2014) . At neural plate stage, pfkfb4 was expressed at low levels throughout 99 the dorsal ectoderm ( Fig.1D ). At early neural fold stage (st.14), later than snail2 initiation, pfkfb4 was 100 strongly enriched in the NB/NC (Fig.1E ,F,L-N). At the end of neurulation (st.18), NC pfkfb4 mRNA 101 levels, but not pfkfb1-3 levels, were elevated by 1.5-fold compared to whole embryo expression 102 ( Fig.1J, Fig.S2 ). The premigratory NC expressed 6.4-fold higher pfkfb4 levels than the adjacent 103 anterior neural fold, which forms forebrain and placodes. Finally, pfkfb4 was expressed during NC 104 EMT and early migration but decreased as NC cells reached ventral craniofacial areas ( Fig.1H -I). This 105 pattern contrasted with blastula and gastrula stages, when low pfkfb4 levels were detected in the 106 entire dorsal ectoderm, encompassing the neural plate, the NB, and part of the non-neural ectoderm 107 (Pegoraro et al. 2015 We observed a transient and moderate increase of the sox2-positive area at mid-neurula stage, which 117 was probably related to the enlarged NB, which transiently expresses sox2 early on ( Fig.1U ,W-Y, 118 Fig.2A ), and monitored the craniofacial morphology and 140 pigmentation phenotype of st.45 tadpoles ( Fig.2B-E ). We found that low-level depletion (injecting 5ng 141 of MO into one dorsal-animal blastomere, at the 4-cell stage or any equivalent combination at other 142 developmental stages), resulted in a morphologically normal gastrulation and neurulation but caused 143 a significant reduction of head structures on the injected side, compared to the uninjected side 144 ( Fig.2B ). Pigment cells were present on both sides of the tadpoles and appeared unperturbed. Lower 145 morpholino doses (2.5ng or 1ng in one of four blastomeres) did not significantly alter embryo 146 morphology. Higher doses caused early death of the injected cells (this apoptosis was rescued by 147 adding pfkfb4 mRNA as described in Pegoraro et al., 2015) . With the low-level PFKFB4 depletion, we 148 checked that injected cells were not subjected to increased cell death compared to control cells in the 149 vast majority of the embryos (Fig.S3 ). Moreover, neither ventral injections of PFKFB4MO nor dorsal 150 injections of a non-related MO (even at high doses) caused cell death, excluding non-specific effects 151 of morpholino injection (Fig.S3 ). These observations confirmed the hypothesis that NC development 152 was specifically affected by low-level depletion of PFKFB4. Therefore, using these hypomorph 153 PFKFB4 conditions, we could explore the roles of PFKFB4 in NC derivatives formation in vivo. All 154 further experiments, except for photo-morpholinos, were thus conducted using this low MO 155 concentration. 156
The NC generates most craniofacial structures including craniofacial skeleton, mesenchyme 157 and soft tissues around the eyes. Following moderate PFKFB4 depletion, dorsal and ventral 158 craniofacial structures were globally smaller. On the morphant side, branchial cartilages were strongly 159 reduced while Meckel's and ceratohyal cartilages were moderately diminished ( Fig.2C-E ). Eyes were 160 also affected, with grossly normal shape but reduced size. Since pfkfb4 is present at low levels in the 161 neural plate early on ( Fig.1 ), this could be due to a cell autonomous defect in the optic vesicles 162 forming from the neural plate. Alternatively, CNCC defects could influence the developing eye (Bailey 163 et al. 2006; Lwigale 2015) . Hence, the NC-derived craniofacial structures were severely affected 164 when PFKFB4 levels were downregulated moderately while most other structures were normal. 165
PFKFB4 depletion affects premigratory neural crest specification and NCC migration. 166
We then investigated which steps of NC formation were affected by PFKFB4 low-level 167 depletion. At early neural fold stage, snail2 expression was very low to absent on the injected side 168 ( Fig.3A ,L-first bar, Table. S2). This defect was a delay, since, by the end of neurulation, most embryos 169 expressed snail2 normally ( Fig.3B ,L). In theory, delayed snail2 activation could be followed by either 170 the later onset of the entire NC specification cascade or by globally defective NC development. To 171 assess definitive NC specification at the end of neural fold stage, we analyzed expression of late NC 172 specification markers, sox10 and twist. While sox10 was normally activated (Fig.3C ), twist expression 173 was severely defective ( Fig.3D ) and hes4, marking immature premigratory NC was increased ( Fig.3E , 174 Table. S2). In contrast, neural ectoderm, non-neural ectoderm and paraxial mesoderm specification 175 were unaffected (sox2, ep.ker., myod, Fig.3I -L, Table. S2). Neurulation and neural tube closure were 176 slightly delayed on the injected side, but neural tube eventually closed ( Fig.3 .G,I). Importantly, while 177 some neural border markers were expressed normally at the time of neural tube closure (e.g. msx1, 178 Altogether, these results indicated that a moderate loss of PFKFB4 activity resulted in a strong 192 impediment of NC development. The NC territory was established, identified by sox10 expression and 193 outlined by msx1 expression ( Fig.3C ,H). However, its specification was delayed at neural plate stage 194 (snail2), which was incompletely compensated at late neural fold stage (defective twist, increased 195 hes4), accompanied by the retention of NB-like character (increased pax3) in premigratory NC. This 196 was followed by defective migration of sox10/twist-expressing NCC in tailbud stage embryos. As a 197 result, fewer twist-or sox10-positive cells populated the craniofacial buds. These alterations were 198 sufficient to explain the morphological craniofacial defects observed at st. 45 ( Fig.2 ). However, using 199 the constitutively active PFKFB4MO, we could not distinguish between an early need for PFKFB4 200 during NC specification, causing defective NC migration, and a continuous need for PFKFB4 activity 201 during NC specification and migration. 202
Inducible PFKFB4 depletion affects neural crest specification and its migration in vivo. 203
To understand PFKFB4 function at each step of NC formation, we set up an inducible 204 knockdown strategy, using a UV-cleavable sense morpholino (PFKFB4-PhMO) that blocked pfkfb4 205 antisense MO until UV exposure. Although more fragile, we injected albino embryos for UV 206 penetration. The uninjected side controlled for non-specific UV effects. As control, severe PFKFB4MO 207 constitutive depletion led to abolished or severely decreased twist expression (in 80% and 17% of 208 embryos, Fig condition, leading to 22.5% of embryos with severe decrease in twist expression and 17.5% with mild 212 defects. However, after UV exposure upon injection (a.i., illumination at the 4-cell stage), twist 213 at tailbud stage. Moreover, these effects closely mimicked those observed after low-level PFKFB4 248 depletion. 249
250
PFKFB4 controls AKT signaling in premigratory NC. 251 PFKFB4 regulation of glycolysis, as seen in adult cells, was not involved in neural crest late 252 specification, since glycolysis blockade during neural fold stage did not alter twist expression ( Fig.S5,  253 other markers not shown). In order to understand how PFKFB4 may affect NC late specification, we 254 assessed cell signaling parameters and cell proliferation in premigratory NC. In gastrulas, PFKFB4 255 levels impact PI3K-AKT signaling. Here, to address precisely the level of AKT signaling in developing 256 neural crest progenitors, we dissected out either the neural border territory at the end of neural plate 257 stage, or the premigratory cranial neural crest at the end of neural fold stage, and measured phospho-258 SER473-AKT levels in control and PFKFB4 hypomorph conditions. AKT signaling was specifically 259 decreased in morphant NC progenitors compared to controls ( twist was defective in sibling embryos ( Fig.5C,D) . Together, these results suggested that the 265 morphant territory generates a rather normal pool of NC stem cells, suggesting that the phenotype 266 relies on genuine patterning defects within a partially specified NC domain. 267
To assess if diminished AKT signaling was sufficient to affect NC specification and maturation, 268 and to phenocopy the morphant phenotype, we treated embryos with PI3K-AKT inhibitor (LY294002, 269 40-80µM). As a comparison, we used a MAPK/ERK inhibitor (UO126, 40-80µM) since both AKT and 270 MAPK signaling pathways are often activated downstream of tyrosine kinase receptor signaling. Each 271 treatment was checked for inhibition of p-ERK and p-AKT (on whole embryo lysates, not shown). 272
Embryos were treated exclusively during neural fold stage (from st.14 to st.18). Inhibiting PI3K-AKT 273 signals blocked twist but not cmyc induction. In contrast ERK inhibitor had no effect on either gene 274 expression ( Fig.5E-H ). This result showed that AKT signaling was specifically needed during the last 275 phase of premigratory NC maturation. When AKT function was disrupted, a normal pool of cmyc-276 positive NC stem cells formed but they failed expressing the late NC specifier twist. 277
Finally, when a constitutively active form of AKT was co-injected with PFKFB4MO, twist 278 specification defects were rescued, demonstrating that the main cause of PFKFB4 morphant 279 phenotype prior to migration, was due to altered AKT signaling ( Fig.5I-J) . 280
PFKFB4 depletion affects neural crest EMT and migration in a cell autonomous manner. 281
To understand the defects during NC EMT and migration upon PFKFB4 low-level depletion, 282 we reasoned that morphant NC cells, with delayed or incomplete specification ( Fig.3 ), might require 283 longer time than wild-type NC to mature and undergo migration. Additionally, interactions between the 284 NC and its in vivo environment are essential for migration. Using the more robust pigmented frog 285 embryos, we challenged the ability of morphant NCC to migrate in a wild-type host environment 286 ( Fig.6 ). We implanted GFP-labeled premigratory morphant NC into a stage-matched wild-type host 287 and followed cell migration in vivo. In contrast to the control wild-type grafts which healed within 20 288 minutes after transplantation, the morphant tissue healed with difficulty: most of the donor tissue failed 289 to adhere to the host tissues, even as long as two hours post grafting (not shown). Moreover, after 290 healing, the vast majority of the grafted morphant cells failed to migrate although occasional cells 291 could be traced in the mandibular arch area ( Fig.6C -D, compare to wild-type cells in A,B). This 292 phenotype was qualitatively similar to the defects observed in the morphant embryos ( Fig.4 ), either 293 with constitutive or inducible morpholinos. In this transplantation assay, however, the lack of migration 294 was observed in a higher number of cases, possibly because of the additional healing defect revealed 295 by the assay. This challenge revealed that PFKFB4 morphant cells displayed altered healing and 296 survival ability upon EMT and migration stage. 297
We further analyzed the fate of the morphant cells in vivo with another strategy. In order to 298 avoid interference with altered healing properties, we traced the injected cells with gfp mRNA co-299 injected with PFKFB4MO, by targeting dorsal-animal blastomere D1.2 at stage 8 to 16 cells, which 300 mostly forms dorsal neural tube and NC progenitors (Moody et al., 1987). We followed the fate of NC 301 progenitors, by selecting embryos with GFP-positive premigratory NC at the end of neurulation (st.18, 302 Fig.6F -H). In these conditions, without further experimental manipulation of the injected cells, we find 303 that the control cells undergo EMT, migrate and populate efficiently craniofacial areas as expected, 304 while morphant cells fail to do so in a dose dependent manner. In contrast, the morphant cells 305 contribute to brain and eye as efficiently as control cells (Fig.6G ,I,J). We concluded that the defective 306 NC specification and maturation, observed at st.18, was not compensated later on, even when 307 morphant cells face a wild-type environment, and that a lower PFKFB4 activity resulted in a cell-308 autonomous alteration of NC ability to undergo EMT and migration in vivo. 309 adherence, EMT and migration on fibronectin in vitro ( Fig.6K-R ). This assay was done using earlier 311 tissue than in previous publications, i.e using neural border at st. 14 instead of premigratory NC st.17-312 18, which has already started EMT. Doing so, this assay allows visualizing separately adherence a 313 few minutes after plating, then EMT about 2 hours after plating, and finally cell migration on the 314 fibronectin substrate starting 3,5-4hours after plating ( Fig.6K-N) . Morphant neural folds were thus 315 dissected out at the end of neural plate stage (st.14). They failed to adhere efficiently on fibronectin, 316 did not undergo EMT (O-P) and poorly migrated (Q-R), while wild-type neural folds adhered, 317 underwent a very clear EMT (K-L), dispersed and actively migrated ( Fig.6M-N) ). A key parameter for 318 NC EMT is the up-regulation of n-cadherin expression prior to EMT (Theveneau & Mayor 2012 ). We 319 found that n-cadherin expression levels were significantly lower in morphant NB (st.14) and NC (st.18) 320 compared to stage-matched controls (Fig.6E ). 321
We concluded that lower PFKFB4 activity resulted in premigratory NC with defective n-322 cadherin levels. These cells were unable to undergo EMT on a fibronectin substratum in vitro, 323 exhibited poor ability to adhere, heal, or migrate upon grafting in wild-type host environment in vivo. 324
The morphant cells remained integrated into adjacent tissues such as central nervous system or eye. 325
These altered capacities were sufficient to explain the late phenotype in tadpoles, with 326 underdeveloped craniofacial structures. 327
At tailbud stage, PFKFB4 depletion alters both glycolysis and AKT signaling, which together 328 impact NC migration. 329 PFKFB4 depletion decreased glycolysis in embryos ( Fig.S5 ). To understand PFKFB4 330 depletion phenotype during NC migration, we blocked either glycolysis or AKT signaling from EMT 331 stage (st.18) to migration into branchial buds (st.24) ( Fig.7, S6 ). Glycolysis was blocked using 2-332 deoxyglucose (2DG), a non-hydrolysable glucose. The PI3K inhibitor LY294002 was used at various 333 doses to block PI3K-AKT signaling. Efficiency of each treatment was monitored ( Fig.S5 ). We found 334 that both glycolysis and AKT phosphorylation blockade from st.18 to st.24, resulted into severe 335 disruption of NCC migration, (twist, sox9, sox10, Fig.7, Fig.S6 ). The effects of LY294002 were dose-336 dependent (not shown). While glycolysis blockade seemed to mainly affect NC streams morphology, 337
AKT inhibition also affected general embryo development (not shown). In order to test for delayed 338 NCC migration and for general treatment toxicity, embryos were transferred in drug-free medium from 339 tailbud st.24 until late tadpole st.45. In these conditions, potential delays would be compensated, 340 while general toxicity would lead to embryo death. Here, embryo survival was normal. St.45 341 craniofacial morphology was analyzed. Relative to body size, heads were smaller and visceral 342 cartilage elements were severely underdeveloped as observed upon PFKFB4 depletion, especially 343 after AKT signaling blockade. Interestingly, combining both glycolysis and AKT blockade led to 344 stronger craniofacial phenotype, suggesting cooperation of the two processes ( Fig.S6 ). We concluded 345 that blocking AKT signaling or, with less efficiency, blocking glycolysis, phenocopied PFKFB4 346 morphant phenotype during NC migration. Both AKT signaling and glycolysis were thus needed for a 347 large number of NCC to populate the branchial arches and head structures. 348
Since AKT blockade seemed most effective in mimicking PFKFB4 depletion, we attempted to 349 rescue the craniofacial phenotype by co-injecting caAkt mRNA with PFKFB4MO. By st.45-46, we 350 observed that constitutive activation of AKT signaling alone did not affect craniofacial development 351 Finally, we analyzed pfkfb4 upregulation at the edges of the neural plate. We asked if the NC-359 GRN actors actively controlled pfkfb4 expression, as they do for snail2, either during early pfkfb4 360 activation in the end of neural plate stage, or in premigratory NC. We used MO-mediated depletions 361 with well-established morpholinos, dominant-negative constructs (Fig.8) or gain-of-function 362 experiments ( Fig.S7) . First, the secreted NC inducers, including WNT and FGF8 signals as well as 363 modulating BMP signaling, affected similarly snail2 and pfkfb4 ( Fig.8A-L, Fig.S7 ). Secondly, we found 364 that the key transcription factors acting at the NB to specify NC, PAX3 and TFAP2a, were also 365 essential to establish snail2 and pfkfb4 (Fig.8M-T, Fig.S7 ). In addition, the NC specifier SOX9 was 366 needed for expression of both genes at the NB and in premigratory NC (Fig.8U-X ). All these results 367 indicated that increased pfkfb4 expression in the NC progenitors is actively promoted by the NC-GRN 368 regulators, as for more classical partners of the network (e.g. snail2). key steps of NC formation: during premigratory NC maturation at neural fold stage, and during NC 376 migration towards the craniofacial buds at tailbud stage. This activity is critical as PFKFB4 depletion 377 led to hypomorphic craniofacial structures. We showed that the major transcription factors and 378 signaling pathways that control the NC-GRN, control pfkfb4 activation in NC progenitors during neural 379 fold stage, i.e. during the phase of NC maturation. In turn, PFKFB4 controls AKT signaling activity in 380 NC, which is essential for NC maturation and migration. PFKFB4 is a known glycolysis regulator, and 381 its depletion in neurulas affected glycolysis. However, at neural fold stage, glycolysis is not required 382 for NC patterning. In contrast, at tailbud stage, both AKT signaling and glycolysis are important 383 parameters to ensure NC migration. Finally, restoring AKT signaling compensates PFKFB4 depletion 384 and results in normal craniofacial development. This indicates that PFKFB4 critical action on NC 385 development is mainly mediated by its action on AKT signaling ( Fig.9 ). 386
387
The enzyme PFKFB4 is an integral partner of the NC-GRN. While it is ubiquitously expressed 388 in the dorsal ectoderm at gastrulation stage (Pegoraro et al., 2015) , we found that, during neurulation, 389 pfkfb4 expression is upregulated in immature NC progenitors, starting at neural fold stage. Pfkfb4 is 390 further expressed in the NC initiating their migration ( Fig.1 . We have shown that the major NC-GRN 391 regulators, including secreted inducers, NB specifiers, and NC specifiers, control pfkfb4 expression in 392 the neural folds ( Fig.8) . Moreover, depletion of PFKFB4 did not prevent NB specifiers expression but 393 led to delayed or decreased expression of early (snail2) and late (twist) NC specifiers (Fig.3) . suggesting that they could potentially sustain its expression also during later NC development. 402
403
Our data suggest that the main function of PFKFB4 upregulation in premigratory and migratory 404 NC is to ensure optimal AKT signaling levels in these cells (Fig.5, 7) . We also show that blocking AKT 405 signaling in temporally controlled conditions, affects NC specification and migration independently 406 ( Fig.5, 7) . In mouse embryos, a recent study also demonstrated importance of AKT signaling for NC 407 migration: Specc1l mutants or knockdowns exhibit defective neural tube closure and cranial NC 408 rescued the phenotype (Wilson et al. 2016). Together these data suggest that the acute need for 410 optimal AKT signaling during NC migration might be conserved in amniote and non-amniote 411 vertebrates. 412
413
The regulation of NC early development by PFKFB4 and AKT was essential to shape the 414 embryonic head. We propose that it ensures that numerous NCC populated the branchial arches, and 415 differentiated into cartilage elements with appropriate size rather than impacting the morphogenesis of 416 these elements (Fig.2, 7) . When inducible depletion was performed during NC migration only, cells 417 eventually migrated almost down to the target tissues, but in smaller numbers (Fig.4) . Neural tube 418 closure and craniofacial defects are an acute societal issue for human health. Hypomorphic 419 craniofacial structures, especially for the jaw, are observed in many human syndromes, and not yet 420 
MATERIALS AND METHODS 458
All morpholinos, plasmids and reagents are described in Table S1 . 459 In this study, we use a low-level depletion of PFKFB4, with reduced MO 898 concentrations, in order to bypass the earlier developmental arrest observed in previous study, when 899 PFKFB4 severely depleted (above 60% mRNA depletion) and prevents gastrulating ectoderm 900 specification (Pegoraro et al., 2015) . Importantly, this severe depletion was rescued by adding back a 901 MO-resistant pfkfb4 mRNA, assessing both MO specificity and lack of non-specific toxicity (Pegoraro 902 et al., 2015) . (A) Here, we check that the morphant cells do not undergo elevated cell death at later 903 stages of development by analyzing mid-neurulas at stage 14 and the end of neurulation stage 18. (B-904 C) We find less than 30% of embryos with caspase-positive cells in the lacZ-injected area (B), in 905 conditions when over 70% of sibling embryos show deficient twist expression (C, either "strong", 906 "moderate" or "mild" decrease). The number of caspase-positive cells is slightly more elevated than in 907 uninjected or lacZ-only-injected embryos, or in ventrally-injected morphants, but it remains limited to 908 few cells and cannot account for the incidence of the patterning defects. Representative exemples of 909 the majoritary phenotypes are shown for each condition, i.e. "rare" or "+/-" phenotypes. Embryos 
